Mutations in the insulin receptor (INSR) gene are associated with insulin resistance and hyperglycaemia. Various autosomal dominant heterozygous INSR mutations leading to hyperinsulinemic hypoglycaemia (HH) have been described in the adults and children (more than 3 years of age) but not in the neonatal period. Family 1: A small for gestational age (SGA) child born to a mother with gestational diabetes presented with persistent hypoglycaemia, was diagnosed with HH and responded well to diazoxide treatment. Diazoxide was gradually weaned and discontinued by 8 months of age. Later, the younger sibling had a similar course of illness. On genetic analysis a heterozygous INSR missense variant p.(Met1180Lys) was found in the siblings, mother and grandfather but not in the father. Family 2: A twin preterm and SGA baby presented with persistent hypoglycaemia, which was confirmed as HH. He responded to diazoxide, which was subsequently discontinued by 10 weeks of life. Genetic analysis revealed a novel heterozygous INSR missense variant p.(Arg1119Gln) in the affected twin and the mother. Family 3: A SGA child presented with diazoxide responsive HH. Diazoxide was gradually weaned and discontinued by 9 weeks of age. Genetic analysis revealed a novel heterozygous INSR p.(Arg1191Gln) variant in the proband and her father. We report, for the first time, an association of INSR mutation with neonatal HH responsive to diazoxide therapy that resolved subsequently. Our case series emphasizes the need for genetic analysis and long-term follow up of these patients.
There are several reports of autosomal dominant heterozygous INSR mutations causing hypoglycaemia in adults but to the best of our knowledge there is no data about heterozygous INSR mutations causing neonatal HH (7) (8) (9) (10) (11) (12) . In this study, we report three different families presenting with variable clinical manifestations ranging from neonatal HH to adult onset type 2 diabetes mellitus associated with heterozygous INSR mutation. Case Report: Family 1: A 13-day-old female baby (proband) was referred to the tertiary endocrine unit with persistent neonatal hypoglycaemia since 3 hours of life (capillary blood glucose: 1.9mmol/l). She was born by emergency caesarean section due to breech presentation at 37 weeks gestation, weighing 2.41kg (-2.42 SDS) and measuring 47cm in length (-1.15 SDS). There was a history of gestational diabetes in the mother requiring insulin treatment. The hypoglycaemia was initially managed with high concentration dextrose containing fluids (glucose infusion rate (GIR): 18.1mg/kg/min) and intravenous glucagon (10mcg/kg/hr) infusion. HH was confirmed on hypoglycaemia screen (Table 1 ). The echocardiogram was normal and she was subsequently commenced on oral diazoxide at 5mg/kg/day and chlorothiazide at 7mg/kg/day. She responded well to diazoxide which enabled weaning off the intravenous fluids and intravenous glucagon. She was fully established on oral feeds prior to discharge. During subsequent follow up, the diazoxide and chlorothiazide were slowly weaned and fully discontinued by 8 months of age following which a 16-hour controlled fast showed complete resolution of HH ( Table 2) . The second child was born at 38 week of gestation by elective caesarean, weighing 2.43kg (-2.35 SDS) and measuring 48cm in length (-0.62 SDS). There was no history of birth asphyxia. The mother developed gestational diabetes once again but did not require insulin treatment unlike the previous pregnancy. At 10 hours of age she had symptomatic hypoglycaemia (capillary blood glucose: 1.9mmol/l) and was managed with intravenous dextrose containing fluids [GIR of 11.5mg/kg/min]. At 48 hours of age, a hypoglycaemia screen (Table 1) was undertaken which confirmed HH. Echocardiogram did not reveal any underlying cardiac abnormality. Diazoxide was started at 3mg/kg/day to achieve normoglycaemia. Oral chlorothiazide (7mg/kg/day) was added in conjunction with diazoxide. The intravenous fluids and glucagon were gradually weaned and the patient was established on full enteral feeds prior to discharge. During subsequent follow up, the diazoxide and chlorothiazide were slowly weaned and fully discontinued by 11 months of age, following which she underwent a controlled fast appropriate for age which confirmed the resolution of HH ( Table 2 ). The proband's mother had gestational diabetes mellitus during both pregnancies, requiring insulin treatment during the first pregnancy. She had normal body mass index (BMI 24 kg/m 2 ) and had no features of insulin resistance [such as acanthosis nigricans], previous menstrual abnormalities or hirsutism. Proband's maternal grandfather (BMI 25 kg/m 2 ) was diagnosed with type 2 diabetes mellitus at the age of 45 years and was treated with metformin. On examination he did not have any signs of insulin resistance or any history of hypoglycaemia. Targeted next generation sequencing of the known hyperinsulinism genes identified a novel heterozygous INSR variant p.(Met1180Lys) (c.3539T>A) in the proband, her sister, mother and maternal grandfather. No further disease-causing variants were identified. (Figure 1 ) Family 2:
The proband was a twin preterm (36 weeks gestation) born to a non-consanguineous parents by elective LSCS with a birth weight of 2.025kg (-3.75 SDS). Hypoglycaemia was recorded on 1 st day of life (capillary blood glucose 1.1mmol/l). There was no history of birth asphyxia. The second twin had a birth weight of 2.56 kg (-1.95 SDS) and did not have any hypoglycaemia during the neonatal period. There was a maternal history of hypothyroidism, which was well controlled on thyroxine. The hypoglycaemia was initially managed with high concentration dextrose containing fluids (glucose infusion rate (GIR): 15.2mg/kg/min) and intravenous glucagon (10mcg/kg/hr) infusion. The hypoglycaemia screen (Table 1) confirmed HH. Echocardiography revealed moderate pulmonary stenosis and small patent foramen ovale. The child was subsequently commenced on diazoxide at 7.5mg/kg/day and spironolactone at 2mg/kg/day. He responded well to diazoxide which enabled weaning off the intravenous fluids and intravenous glucagon. He was fully established on formula feeds prior to discharge. During subsequent follow up, the diazoxide and spironolactone were slowly weaned and fully discontinued by 10 weeks of age. The proband's elder sibling is a 3 year-old healthy girl with no history of neonatal hypoglycaemia. The proband's mother did not have any symptoms related to hypoglycaemia and was able to fast for prolonged hours during Ramadan. She had a normal BMI, no signs of insulin resistance [such as acanthosis nigricans] and there was no previous history of menstrual abnormalities or hirsutism. There was a history of type 2 diabetes in the maternal grandfather and maternal great grandmother. Targeted next generation sequencing of the known HI genes identified a novel heterozygous INSR variant p.(Arg1119Gln) (c.3356G>A) in the proband and her mother. No further disease-causing variants were identified. Samples from the twin and older sister were not available for testing ( Figure 1 ).
Family 3:
The proband was born was born at 37 week of gestation, weighing 2.20kg (-1.51 SDS). There was no history of birth asphyxia. At few hours of age she developed symptomatic hypoglycaemia (capillary blood glucose: 1.1mmol/l) and was managed with intravenous dextrose containing fluids. At 48 hours of age, a hypoglycaemia screen (Table 1) was undertaken which confirmed HH. Echocardiogram did not reveal any underlying cardiac abnormality. Diazoxide (5mg/kg/day) in conjunction with chlorothiazide (7mg/kg/day) was started. The intravenous fluids and glucagon were gradually weaned and the patient was established on full enteral feeds prior to discharge. During subsequent follow up, the diazoxide and chlorothiazide were slowly weaned and fully discontinued by 9 weeks of age. The proband's father had a normal BMI and did not have any symptoms related to insulin resistance (acanthosis nigricans) or glucose variability (HbA1c: 36 mmol/l, fasting glucose: 4.6 mmol/l). Proband has two elder siblings who did not have any hypoglycaemia or symptoms related to insulin resistance. Targeted next generation sequencing of the known hyperinsulinism genes identified a novel heterozygous INSR variant p.(Arg1191Gln) (c.3572G>A) in the proband and her father. No further disease-causing variants were identified (Figure 1 ).
Discussion
The human insulin receptor is a heterotetramer composed of two α and two β subunits. The α subunit is entirely extracellular and the β subunit has extracellular, transcellular and intracellular domain that expresses tyrosine kinase activity. Insulin binds to α subunits and stimulates β subunit auto phosphorylation and kinase activity (1, 2). A single gene INSR located at 19p13.2 of 22 exon length codes for both α and β subunits (13) . Homozygous and compound heterozygous mutations in INSR lead to severe insulin resistance (Donohue syndrome, Rabson-Mendenhall syndrome), whereas the heterozygous mutations in INSR cause the milder phenotype of insulin resistance syndrome (14, 15) . Heterozygous mutations in INSR cause insulin resistance in coexistence with hypoglycaemia, which may be due to selective impairment of insulin receptor function in skeletal muscle causing defective peripheral glycogen formation and insulin resistance whilst the preserved insulin receptor function in the liver leads to suppressed hepatic glucose production causing hypoglycaemia (10, 16) . This is possibly due to the differential effect of insulin on the phosphorylation of the insulin receptor substrates (IRS) -1 and -2 in the skeletal muscle and liver (16) . IRS-2 is constitutively phosphorylated due to the increased binding of the kinase regulatory loop binding domain of IRS-2 to the mutated receptor, preventing further activation by insulin or insulin-like growth factor (IGF) 1 in the muscles, whereas IRS-1 phosphorylation is normally activated by basal as well stimulated levels of insulin (17) . This would explain the relative insulin resistance in the skeletal muscle in contrast to the insulin sensitivity in the liver. Only a few patients with a heterozygous INSR mutation associated with episodes of hypoglycaemia have been reported (Table 3) , mainly demonstrating post-prandial hypoglycaemia following oral glucose tolerance test (8, 9) . Symptomatic fasting hypoglycaemia has been reported in a few patients; however age appropriate controlled fasts were not undertaken (8) (9) (10) (11) . Symptomatic hypoglycaemia is reported to have occurred as young as three years of age in one patient however HH was not confirmed (7) . The signs of insulin resistance were noted in most of these patients while there is only minimal information provided about the individual family members. Enkhtuvshin et al reported a heterozygous INSR mutation associated with type 2 diabetes mellitus in a mother and transient hypoglycaemia in both children at birth with the same mutation, however hyperinsulinemia was not documented and hypoglycaemia resolved within 10 hours in both the siblings (18) . There have been several reported cases associated with homozygous or compound heterozygous mutations causing Donohue syndrome (complete absence of functional insulin receptors) and leading to fasting hypoglycaemia which has been suggested as the effect of insulin on type 1 IGF receptors (19). However type 1 IGF receptors disappear from the liver in adult life (20) , which doesn't explain the several reported cases of hypoglycaemia in adult life associated with heterozygous INSR mutations (Table. 3). Neonatal HH has not been previously reported in association with heterozygous INSR mutations (7-11). The precise mechanism by which these mutations lead to diazoxide responsive neonatal HH, which resolves in infancy, is not clear. One of the possible explanations could be the effect of high levels of insulin on type 1 IGF receptors in the neonatal period with subsequent resolution of hypoglycaemia due to β-cell exhaustion and potential developmental changes in the expression of IGF1 receptor (21, 22) . In adults, the deposition of amyloid in the pancreas has been observed following chronic insulin resistance, which subsequently leads to type 2 diabetes mellitus (23) . In our study, among all three families, affected children were small for gestational age similar to the previously reported patients (9, 18) . Since insulin has a central role in controlling foetal growth, genetic factors, which impair insulin secretion or action, would be expected to reduce foetal growth. This has been demonstrated experimentally in transgenic mice lacking key intermediates of the insulin-signalling pathway (24) . In our study, the affected adult family members were constitutionally lean, which suggests that peripheral insulin resistance might not only prevent the glycogen storage in muscles, but also reduce lipogenesis and increase lipolysis in the fat cells (9) . Although signs of insulin resistance such as acanthosis nigricans and symptoms of androgen excess such as menstrual abnormalities and hirsutism are common in patients with INSR mutation, the families we describe did not have any such signs or symptoms, supporting the notion that different mutations in INSR lead to different phenotypes. Unfortunately we did not have access to the insulin levels in the adult members of the families. Moreover, a common heterozygous mutation, p.Arg1174Gln, has been described to be associated with variable clinical phenotypes within the members of the same family (7) . Apart from the genetic background, the phenotype could also be influenced by the environmental factors. Patients with insulin resistance and compensatory increase in insulin secretion may develop diabetes mellitus in later life when the ability to secrete insulin declines. This leads to postprandial glucose intolerance, followed by fasting hyperglycaemia and diabetes mellitus, which might be prevented by early inventions that include dietary and behavioural modifications. These observations suggest that patients with INSR mutation need to be followed up long term for other manifestations in later life. Diazoxide is the first line treatment for CHI, which works as an agonist at KATP channel leading to termination of Ca+ dependent insulin release (25) , however there is no data regarding the use of diazoxide in individuals with an INSR mutation causing neonatal HH. INSR mutations lead to high insulin levels due to insulin resistance and metformin has been used effectively in the adult population (10, 11) although the mechanism is not clear. Avoidance of high glycaemic index foods may improve symptoms in the patients with post-prandial hypoglycaemia (11) . We are reporting the first series of heterozygous INSR gene mutations causing neonatal HH. This study also highlights that the same gene mutation can lead to variable phenotype within the same family members. Hence, a detailed genetic testing in the family is essential for long-term follow up. All our patients followed a relatively benign clinical course during infancy and the hyperinsulinism resolved in the first year of life but further monitoring will inform us of the clinical course through the adult life. There is no consensus about the treatment of children with INSR mutations due to its rarity, but lifestyle modification could play a key role in the long-term management. Informed Consent: Informed consent was obtained from the parents of the patients for publication of this case series. Acknowledgments (Not Required for Submission): SEF has a Sir Henry Dale Fellowship jointly funded by the Wellcome Trust and the Royal Society (105636/Z/14/Z). Authorship Contribution: AS collected the data, wrote and revised the draft. NF and SE collected the data and contributed to the revision of the draft. SHA did initial edits to the article write-up and contributed to discussion. JH, KC, SEF and MD contributed to the revision of the draft. SS supervised the study and revised the final draft. Financial Disclosure: None
